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We simulate scattering of a spin-polarized electron by a chain of antiferromagnetically coupled
quantum Heisenberg spins, to analyze spin-transfer effects not described by the classical models
of magnetism. Among the effects elucidated by the simulations are efficient excitation of multiple
magnetic excitation quanta by a single electron, which is not possible in ferromagnets due to angular
momentum conservation, as well as quantum interference of spin wavefunctions, making it possible
to induce magnetization dynamics with amplitudes exceeding the transferred magnetic moment.
Our results suggest the possibility to utilize non-classical contributions to spin transfer to achieve
efficient spin conversion and electronic control of static and dynamical states in antiferromagnets.
Spin transfer (ST) effect - the transfer of spin from
the itinerant electrons to the localized spins in magnetic
systems - has provided unprecedented insights into nano-
magnetism, and enabled a variety of efficient magneto-
electronic nanodevices [1, 2]. The speed of ST-based
devices is limited by the characteristic dynamical mag-
netization frequencies, on the order of a nanosecond for
ferromagnets (Fs), while the efficiency is limited by the
requirement that the transferred spin is comparable to
the total spin of the nanomagnet [1]. These limitations
can be substantially reduced in ST-driven nanodevices
based on antiferromagnets (AFs) [3–9]. Indeed, the van-
ishing bulk magnetization of AFs reduces the constraints
on device efficiency, while the high characteristic dynam-
ical magnetization frequencies in AFs, typically two or-
ders of magnitude larger than in Fs, enable fast control
of their states [6, 10]. Furthermore, AFs are immune to
perturbations by magnetic fields. These features may en-
able resilient AF-based memory devices with picosecond
switching times [5, 11, 12], nanoscale oscillators operating
in the THz frequency range [13–15], and ST-driven AF
domain wall motion with extremely high velocities [6, 16].
While there are many similarities between ST effects
in Fs and AFs, substantial differences are also expected.
The magnetization of Fs can be well approximated as a
semi-classical vector field. In particular, in the ground
state of a Heisenberg F, the local spins are aligned [17].
For a simple collinear AF, the equivalent would be the
Ne´el state, where the spins of two magnetic sublattices
are aligned in the opposite directions. However, this
state is not an eigenstate of the AF Heisenberg Hamilto-
nian [18]. Instead, its ground state can be described as a
Ne´el state dressed with a large population of sublattice
magnons - spin flips spread out on one of the magnetic
sublattices [19]. Since the effects of ST on the dynamical
magnetization states can be viewed as stimulated emis-
sion of magnons that occurs at a rate proportional to
magnon populations [20–22], the magnon-dressed states
of AFs may be affected by ST very differently from the
pure Ne´el state.
The dressed Ne´el states of AFs originate from the non-
commutativity of different components of spin [18], which
is not described by the semi-classical approximation for
the magnetic order. The resulting contributions to ST
may be similar to the ”quantum ST” demonstrated for
Fs, which also originates from the non-commutativity
of different spin components [21, 22]. Here and be-
low, we use the terms ”quantum ST”, or equivalently
”non-classical ST”, to refer to the contributions to ST
that cannot be described within semiclassical approxima-
tion for magnetism, but instead require that the local-
ized spins forming the magnetization are described by
the Schrdinger equation. Since the effects of spin non-
commutativity are generally much larger in AFs than in
Fs, more significant quantum contributions to ST may
be also expected.
To analyze the quantum problem of interaction be-
tween the spin-polarized current and AF, we consider an
itinerant electron initially propagating in a non-magnetic
medium, and subsequently scattered by a 1D chain of lo-
cal AF-coupled Heisenberg spins-1/2. The system can be
described by the tight-binding Hamiltonian [23–26]
Hˆ = −
∑
i
b|i〉〈i+ 1|
−
∑
j
(Jsd|j〉〈j| ⊗ Sˆj · sˆ− J Sˆj · Sˆj+1),
(1)
where i enumerates the tight-binding sites of the entire
system, j - the sites occupied by the localized spins-1/2
representing the AF, sˆ, Sˆj are the spin operators of the
electron and the local spins. The first term in Eq. (1) de-
scribes the itinerant electron hopping, the second term -
exchange interaction between the itinerant electron and
the local spins, and the last term - exchange interac-
tion between localized spins. Periodic boundary condi-
tions for both the electron and the spin chain are used to
avoid reflections at the boundaries. For the experimen-
tally accessible magnetic fields, the Zeeman contribution
is negligible on the timescales considered in our analysis.
The evolution of the system is determined by numeri-
cally integrating the time-dependent Schrdinger equation
with the Hamiltonian Eq. (1) [26]. To analyze the evo-
lution of observable quantities, we determine the density
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Figure 1. (Color online) (a) Schematics of the simulated sys-
tems that consist of a spin-polarized itinerant electron scat-
tered by F (top) and AF (bottom), initially in their ground
states. (b,c) Evolution of the expectation values of x- and
z-components of the electron spin s and the total spin S of
the magnetic system that consists of n = 8 spins-1/2, for F
(b), and AF (c). ∆Sz is the variation relative to Sz = 4.
(d) Dependence of the transferred spin on the number n of
local spins, for F and AF, as labeled. The simulations were
performed using b = 1 eV, Jsd = 0.1 eV, and J = −0.1 eV
(0.1 eV) for F(AF), with the scattered electron initially form-
ing a Gaussian wave packet centered at the wavenumber
k0 = 5nm
−1.
matrices ρˆe = Trmρˆ and ρˆm = Treρˆ for the itinerant
electron and the local spins, respectively, by tracing out
the full density matrix ρˆ with respect to the other subsys-
tem [23]. The expectation value of observable Aˆ pertain-
ing to the electron, such as its spin component or energy,
is
〈
Aˆ
〉
= Tr(Aˆρˆe), while the probability of its value a
is Pa = 〈ψa|ρˆe|ψa〉, where ψa is the corresponding eigen-
state. The quantities pertaining to AF are determined
similarly. Hereafter, we for brevity omit brackets on the
expectation values of spins and energy.
We start the analysis of ST by comparing its effects
on AF to those on a 1D F modeled using Eq. (1) with
the same parameters, except for the opposite sign of J .
Both systems are initialized in their ground states - F
spins aligned with the z-axis, and AF spins forming a spin
singlet [18, 27]. We note that all the components of each
local spin vanish in the spin singlet state, so it cannot be
described semiclassically. Thus, ST in the singlet state is
purely quantum.
The electron is initialized, at time t = 0, as a Gaussian
wave packet spin-polarized along the x-axis propagating
in the non-magnetic medium towards the magnetic sys-
tem [Fig. 1(a)]. The spins of the electron and of the
magnetic system start to significantly vary at t > 5 fs, as
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Figure 2. (Color online) (a) Transfer of energy from electron
to the local spins vs the chain length n. (b) Relative energies
of the eigenstates for F (left) and AF (right) with n = 6 vs
their spin projection on the z-axis. Only the states with finite
amplitudes after scattering are shown. Stars: ground state,
circles: 1-magnon states (for F), squares: 2-spinon states (for
AF), triangles: states with more than two spinons. Color
scale: the probability of the state after scattering. Some sym-
bols are slightly shifted for clarity. (c) The ratio of energy
transferred to magnetic excitations with finite spin to the to-
tal transferred energy vs J , at the labeled values of Jsd. The
simulation parameters and the initial states are the same as
in Fig. 1, unless specified otherwise.
the wave packet approaches the local spins, Figs. 1(b,c).
The variations become negligible again at t > 12 fs, after
the wave packet is completely scattered [26]. The well-
defined transitions among these different regimes allow
us to unambiguously quantify the ST effects.
In the simulations for F, the x-component of the elec-
tron spin orthogonal to the local spins becomes reduced,
while the corresponding component for the local spins in-
creases by the same amount [Fig. 1(b)], consistent with
the theories of ST [1, 20, 28]. The electron also becomes
partially spin-polarized along the z-axis, while the corre-
sponding local spin component becomes reduced by the
same amount, due to the quantum ST [22, 23, 25].
In case of AF, the electron’s initial spin polarization is
also partially transferred to the local spins [Fig. 1(c)]. In
contrast to F, the z-component of electron spin does not
vary, consistent with the spin symmetry of the singlet
state. The transferred spin increases with increasing size
of the magnetic system for both F and AF, as expected
due to the increasing interaction time with the itinerant
electron [Fig. 1(d)]. The spin transferred to AF always
remains smaller than both the x- and the z-components
of spin transferred to F.
ST is likely not the only effect controlling the current-
induced dynamical processes in AFs. Indeed, the spin
3angular momentum of a compensated 3D AF in the Nee´l
state is zero. Thus, according to the angular momentum
conservation argument, rotation or reversal of the Ne´el
order does not require ST. However, switching between
stable magnetic configurations requires that the magnetic
system overcomes the energy barrier between them, and
therefore energy transferred to the magnetic system must
play an important role [25].
The energy transferred from the scattered electron to
the magnetic system is larger for AF than F [Fig. 2(a)].
We reconcile this result with the weaker ST in AF by an-
alyzing the dynamical magnetization states induced by
the electron scattering. We use Bethe ansatz to clas-
sify the eigenstates of the magnetic systems in terms
of the elementary excitations - magnons for F, and
spinons - fractionalized spin-1/2 quasiparticles - for the
1D AF [18, 26, 27]. The final state of the magnetic sys-
tem is projected onto these eigenstates to determine the
probabilities of their excitation.
Figure 2(b) shows the energies of the eignestates with
non-zero amplitudes after electron scattering, plotted
versus the z-component of their spin, for n = 6. For
F , all 6 of the eigenstates excited by ST are 1-magnon
states, with Sz = −2. This result is expected from angu-
lar momentum conservation: each magnon carries spin 1,
so a spin-1/2 electron can excite at most one magnon.
In contrast to F, a variety of multi-quasiparticle eigen-
states are excited in AF. The integer spin of the chain ne-
cessitates that spinons are generated in pairs, with possi-
ble z spin component of −1, 0 or 1. All these possibilities
are realized in the studied system, as shown in Fig. 2(b)
by squares. Furthermore, in contrast to F, spin conser-
vation does not limit the number of generated quasipar-
ticles, as long as their spins add up to 0 or 1. Indeed,
11 of the 31 eigenstates of AF excited by ST contain
more than 2 spinons, as shown in Fig. 2(b) by triangles.
These results are consistent with the possibility of many-
spinon excitation by neutron scattering [29, 30], and the
predicted enhancement of electron interaction with mag-
netic excitations in AFs [19].
The results of Fig. 2(b) explain why energy transfer in
AF can be more efficient than in F, even though ST is
less efficient. In F, spin conservation limits the accessible
dynamical magnetization states, and since each magnon
carries the same spin 1, magnon excitation is directly tied
to ST. For AFs, excitation of many different dynamical
states is allowed by spin conservation. They can have
different spin directions, adding up to smaller net spin
transfer. The relative significance of ST can be char-
acterized by the ratio ∆EST /∆E of energy transferred
to the states with Sz = ±1, to the total transferred en-
ergy [31]. The value of ∆EST /∆E varies with the system
parameters such as the exchange stiffness or the inter-
action between the itinerant electron and the localized
spins [Fig. 2(b)], suggesting that the efficiency of non-ST
excitation can be enhanced by optimizing materials and
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Figure 3. (Color online) ST for an anisotropic AF chain with
n = 4, initially in the superposition of two Nel states. (a)
Evolution of the expectation values of the x spin components
of electron (solid curve) and of the local spins (dashed curves),
at the labeled values of anisotropy ∆. (b) Schematics of spin-
up (labeled S′j) and spin-down (labeled S
′′
j ) components of the
wavefunction for one of local spins at ∆ = 0.4, at times labeled
t1 and t2 in panel (a). Curved arrows and dashed circles
show the trajectories of the corresponding spin wavefunction
components during ST (left) and after ST (right). B′eff and
B′′eff are the effective anisotropy fields experienced by S
′
j and
S′′j , respectively. For ∆ = 0.4, ST is compensated by the
anisotropy torques at t1. These effects are not shown for
clarity.
experimental parameters.
The latter possibility may enable current-induced exci-
tation of magnetization dynamics with much larger am-
plitudes, and consequently a higher efficiency of current-
induced magnetic switching, than would be achievable
with only ST-mediated excitations. This possibility is
demonstrated in Fig. 3 for an anisotropic AF chain of
four spins initialized in the state (|↑↓↑↓〉 − |↓↑↓↑〉)/√2,
which is a superposition of two Ne´el states, an excited
eigenstate with two spinons [26]. All the spin compo-
nents of each local spin vanish in this state, so ST in this
state is also purely quantum.
The XXZ-type spin-anisotropy of the chain is intro-
duced by adding the term J∆
∑
j Sˆ
z
j Sˆ
z
j+1 to the Hamil-
tonian Eq. (1), but other forms of anisotropy should pro-
duce similar effects. Figure 3(a) shows the spin evolu-
tion for different values of ∆. By symmetry, the sum of
the y- and z-components of both local spin wavefunction
components remain zero. The dependence sx(t) is nearly
identical for all three shown values of ∆ [solid curve in
Fig. 3(a)]. In contrast, the evolution of Sx is strongly
dependent on ∆. For ∆ = 0, it mirrors the evolution of
the electron’s spin, as expected for the isotropic Hamil-
tonian. For ∆ = 0.1 and 0.4, Sx first slightly increases,
and then starts to oscillate with amplitude significantly
larger than the transferred spin. The period of the oscil-
lation is larger for ∆ = 0.1, so the oscillation appears as
a monotonic variation in Fig. 3(a).
The mechanism enabling large-amplitude dynamics
driven by small ST is illustrated in Fig. 3(b) for one of
the local spins. Exchange torque exerted by the itiner-
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Figure 4. (Color online) Dependence of the energy transfer
(a) and ST (b) on the degree of Ne´el ordering imposed by
the staggered Zeeman field and on the polarization of the
incident electron, as labeled. The ordering is characterized
by the magnitude | 〈Szj 〉 | of the z-component of one of the
local spins.
ant electron’s spin ~s results in the rotation of the spin-up
component S′j of the local spin wavefunction away from
the y-axis, while the spin-down component S′′j rotates
towards the y-axis (top schematic). There is no ST asso-
ciated with these opposite rotations, because the effects
of these rotations cancel each other. Thus, large rotation
angles can be achieved without violating angular momen-
tum conservation.
The rotated spin components precess around the ef-
fective anisotropy fields. For S′j , the effective field B
′
eff
is directed mostly down, resulting in its clockwise pre-
cession around the z-axis, Meanwhile, for S′′j , the cor-
responding field B′′eff is up, resulting in the opposite
sense of precession. Consequently, the interference be-
tween S′j and S
′′
j periodically varies between constructive
[Fig. 3(b)] and destructive, resulting in the oscillation of
Sx with amplitude exceeding ST.
This scenario for enhancement of dynamics induced
by ST requires that the initial state is a superposi-
tion of two Ne´el states, which seems to be irrelevant to
magnetically ordered AFs. However, the ground state
of the AF-ordered systems is not a pure Ne´el state,
but contains a large weight of the reversed Ne´el state
[equivalently described as pairs of zero-momentum sub-
lattice magnons [19]], enabling the discussed enhance-
ment mechanism.
The effects described above were obtained for the
purely quantum states of 1D AF characterized by the
vanishing expectation values of all the components of lo-
cal spins. To show that these effects are also relevant
to the Ne´el states, we add a staggered Zeeman term∑
j(−1)jγSˆzjBst to the Hamiltonian Eq. (1). As the stag-
gered field Bst is increased, the magnitudes |
〈
Szj
〉 | of the
local spin z-components increase, at large Bst approach-
ing the semiclassical Ne´el limit [26].
Energy transfer exhibits a modest dependence on the
degree of Ne´el ordering, and is almost independent of
the electron polarization relative to the Ne´el vector
[Fig. 4(a)], likely due to the accessibility of many ex-
cited states even in the Ne´el limit. ST is larger when
the incident electron spin is collinear with the Ne´el vec-
tor, sz||zˆ , which becomes especially noticeable at large
| 〈Szj 〉 | [Fig. 4(b)]. Only the quantum contribution to
ST is present in this configuration. These results clearly
demonstrate that the quantum contribution to ST re-
mains comparable to or larger than the classical contri-
bution even in the Ne´el state.
While our simulations focused on 1D AFs, large non-
classical effects may be expected for 2D [32] and 3D mag-
netic systems, as well as spin liquids [30, 33], since they all
exhibit significant quantum spin fluctuations and excita-
tions with different spin projections. The demonstrated
effects are facilitated by the general dynamical properties
of AFs, and should be also relevant to spin-orbit torques.
To summarize, we utilized simulations of electron scat-
tering by a 1D AF to elucidate quantum contributions
to spin transfer. Spin transfer in purely quantum states
that lack Ne´el ordering is similar to that in the Ne´el state,
and in both cases is almost independent of the electron’s
spin polarization direction. In contrast to ferromagnets,
a variety of many-quasiparticle eigenstates can be effi-
ciently excited by a single electron. We also showed that
local spin dynamics with amplitude significantly larger
than the transferred spin can be excited due to the spin
interference. These mechanisms can facilitate the imple-
mentation of efficient AF-based spintronic devices.
The demonstrated nonclassical effects should also con-
tribute to phenomena related to spin transport, such as
spin diffusion [34], giant magnetoresistance [35], the spin
Hall magnetoresistance (SMR) [36, 37], and spin Hall ef-
fect in AF systems [7]. Our results also suggest that spin
currents carried by itinerant electrons can be converted
into the flows of spinful magnetic excitations of AFs [38–
40], with efficiency that may be only weakly dependent
on the Ne´el vector orientation, in stark contrast to highly
anisotropic spin conversion in Fs [41].
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